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In recent years, aluminum beverage bottles having screw tops with opening diameters of 28 and 38 mm have been 15 launched in the Japanese market in keeping with the modern-day drinking habits of consumers. Although Japanese 16 consumers are familiar with such bottles, a majority of them feel that the 28 mm opening is too small and the 38 mm 17 opening is too large. Therefore, we felt the need to develop a method for evaluating consumer feelings when they drink 18 a beverage directly from the bottle opening. For this purpose, we propose an evaluation function of drinking ease that 19 calculates the optimum opening diameter of the bottle. From results of our previous study, we know that there exists an 20 ideal volume of beverage flowing into the mouth, at which consumers feel most comfortable while drinking directly 21 from bottles. Therefore, we define the evaluation function of drinking ease in terms of the difference between the actual 22 volume of fluid in the mouth and the expected ideal volume. If this difference is small, consumers probably feel 23 comfortable while drinking the beverage. We consider a design variable, i.e., the opening diameter, and two state 24 variables, i.e., the volume of beverage remaining in the bottle and the height of consumers, and construct the response 25 surface of the evaluation function by using radial basis function networks. In addition, for investigating the influence of 26 beverage type on the evaluation function, we select green tea and a carbonated beverage (Coke) as test beverages. 27
Results of optimization of the proposed function show that when the opening diameters are 35.4 mm and 34.4 mm in 28 the case of green tea and Coke, respectively, the actual volume of fluid in the mouth is closest to the ideal volume and 29 the participants feel most comfortable drinking the beverage. These results are in agreement with results of our previous 30 study that an opening diameter of 33 mm is optimum for young Japanese adults. Thus, we confirm that the proposed 31 function is accurate; it can be used to design bottle openings to suit consumers of various age groups and types of 32 beverages. 33
Introduction
37
Decisions taken by consumers while they are purchasing products are affected by key factors such as product 38 usability, design novelty, and conformity with present-day trends in addition to rudimentary factors such as 39 functionality, performance, and price. Therefore, to ensure that their products are accepted in the marketplace, product 40 manufacturers are expected to incorporate consumers' sensibilities and preferences into their designs, rather than 41 banking on product performance alone. From the viewpoint of a universal design of products, it is important to design(National Institute of Bioscience and Human-Technology, 1966) . 134 
Formulation of evaluation function of drinking ease 141
We define the evaluation function of drinking ease by considering the following three variables: bottle opening 142 diameter, volume of remaining beverage, and body height. Among these variables, the bottle opening diameter is the 143 only design variable. The other two variables are state variables that fluctuate in a confined range. Hence, we must 144 define the evaluation function as a function that evaluates the opening diameter in a given range of state variables. 
( 1 ) 148 149 where x 1 , x 2 , and x 3 denote the bottle opening diameter, volume of remaining beverage, and body height, respectively. 150 x 2min and x 2max are the minimum and maximum bounds of the volume of remaining beverage, and x 3min and x 3max are the 151 minimum and maximum bounds of the body height, respectively. P(x 3 ) is a weight function based on the distribution of 152 height. From a statistical data (National Institute of Bioscience and Human-Technology, 1966), the distribution of height 153 on Japanese subjects is shown in Fig. 5 , if it follows a normal distribution. We apply the distribution of height as a 154 weight function. 155
O(x 1 , x 2 , x 3 ) is the response surface of the output predicted using the RBFN, which is one of the response surface 156 methods. The detailed procedure for constructing a response surface using the RBFN is provided in the Appendix. 157
Response surface methods approximate functional spaces globally by using m pairs of the input vector and output value 158 of the drinking actions of consumers, we recorded the drinking actions of several participants with a video recorder and 183 measured the inclination angle of the bottle. In this experiment, we used bottles with an opening diameter of 33 mm; its 184 maximum capacity was 300 ml, and it was filled with 100 ml, 200 ml, and 300 ml of the beverage. Fig. 7 shows an 185 example of the history plots of the inclination angle. Fig. 7 and the results of the other participants show that the 186 rotation velocities of the bottles are almost constant when they drink beverages directly from the bottle opening. 187
Therefore, for simplicity, we assume that the rotation velocity of the bottle is constant and use the final inclination angle 188 and the abovementioned time duration as representative variables of the drinking actions of participants. 
Approximation of weight function of comfort 220
We performed an experiment to determine the ideal fluid volume for a single swallow and subsequently determine 221 the expected ideal volume of fluid in the mouth and approximate w(V ijk ). The participants in the experiment were six 222 university students (three males and females each). We measured the myoelectric potentials of participants' throats 223 (sternohyoid muscle) when they swallowed water. This muscle is involved in the action of swallowing (Nagatani, 2004) . 224
The myoelectric potentials were measured, at a sampling frequency of 1000 Hz, by attaching surface electrodes 225 (DE-2.1, DELSYS Inc.) to the measurement positions; the measured potentials were then stored in a computerized 226 record after amplification (Bagnoli-2, DELSYS Inc. and UAS-108S, UNIQUE MEDICAL Co., Ltd.). The participants 227 were required to drink water in a single swallow, and the volume of water was increased in 5-ml increments from 5 to 228 30 ml. The measurement was performed two times for each volume. The measured myoelectric potentials were 229 integrated from the beginning to end of muscle contraction. The integrated myoelectric potentials were divided by the 230 time elapsed from the beginning to the end of muscle contraction (hereafter referred to as "mean amplitude of the 231 myoelectric signal"). 232 also be regarded as a quadratic function of the swallowed volume by assuming that the mean amplitude of the Fig. 8 reaches the minimum at approximately 16 ml, which is similar to the result of a previous study that reported the 244 optimum value of an average swallow for 136 Japanese individuals to be approximately 18 ml (Miyaoka et al., 2000) . 245
Thus, we assume that the ideal fluid volume of18 ml for a single swallow is more reliable than our result of 16 ml. Then, 246
we consider the ideal volume of fluid in the mouth to be a multiple of 18 (ml), because there is a possibility of 247 consumers swallowing in plural divided one volume of fluid in the mouth when they drink. In other words, the 248 difference between multiples of 18 ml that are closest to the actual fluid volume and the actual fluid volume is used as 249 the ideal volume of fluid in the mouth (see Fig. 9 ). The weight function w(V ijk ) is given by the following equation: 250 Hence, we adjust w(V ijk ) as a function that reaches a minimum at multiples of 18 ml under the assumption that the ideal 260 volume of fluid for a single swallow is 18 ml and continues at the intermediate between multiples of 18 ml (see Fig.  261 10). 262
The ideal volume of fluid for a single swallow may not be a unique value; it may vary with anthropometric 263 dimensions such as body height. In addition, the ideal volume of fluid for a single swallow is affected by the style of 264 drinking, such as drinking in one gulp and sipping. However, it is difficult to assemble a large number of participants 265
for the experiments and to determine an optimum volume; furthermore, it is difficult to classify and specify the drinking 266 style in detail. Hence, we assume the ideal volume of fluid in the mouth to be a constant value that is a multiple of the 267 ideal volume of fluid for a single swallow. In addition, in the measurement of volume of fluid in the mouth, which is 268 shown in section 3.1, we just asked the participants to drink one mouthful of beverage and did not give them any other 269 instructions on how to drink. 270
Approximation of fluid volume function 271
We used the response surface methodology based on design of experiments (DOE) (Myers and Montgomery, 1995) 272 to approximate Q(x 1 , x 2 , x 4 , x 5 ). We determined a combination of variables, i.e., the bottle opening diameter, volume of 273 remaining beverage, final inclination angle, and time duration, by using an orthogonal array of the DOE. Then, we 274 performed 3D fluid dynamics simulations at sampling points based on the orthogonal array by using the analysis code 275 FIDAP (Fluent Inc.), under the same analysis conditions as those in our previous study (Chihara et al., 2009) . 276
First, we carried out a factorial analysis in which each variable has two levels, on the basis of the measurement 277 result of participants' drinking actions, so as to investigate the interaction among four variables-the bottle opening size 278 The L27 orthogonal array is presented in Table 1 . As mentioned earlier, Q(x 1 , x 2 , x 4 , x 5 ) was obtained by the use of the 293 response surface methodology. Further, the response surface was approximated using a quadratic polynomial that 294 includes cross terms, as follows: 295 In our experiments, we asked the participants to drink one mouthful of beverage and measured the volume of fluid 301 in the mouth when they drank directly from the bottle. Further, in order to measure the final inclination angle and the 302 time duration of rotation, we recorded the drinking actions of the participants by using a video recorder. We performed 303 an experiment in which the participants were 12 Japanese university students, including 4 females. The bottle was filled 304 with 100 ml, 200 ml, and 300 ml of green tea and Coke. In this experiment, the opening diameters and capacities of the 305 test bottles were the same as those mentioned in subsection 2.2. We performed the measurement three times under each 306 experimental condition. All participants were asked to rank the three kinds of bottles (28, 33, and 38 mm opening 307 diameters) in the order of drinking ease for each volume of remaining beverage so as to determine their preference of 308 opening size. We also queried the participants on their thirst level and preference for beverages before the measurement 309 and confirmed that none felt excessive thirst and that none disliked green tea and Coke. 310
Results of optimization 311
We formulated Eq. Table 2 lists the ranking results for  318 green tea and Coke, as submitted by all participants. In all, 36 rankings were collected (12 participants × 3 volumes of 319 remaining beverage). With 3 points given to the first rank, 2 points to the second, and 1 to the third rank, the total 320 ranking scores of the three kinds of bottles were calculated as shown in the last column of Table 2 . Fig. 11 shows that 321 the optimum value in the case of green tea is obtained at x 1 = 35.4 mm, whereas that in the case of Coke is obtained at 322
x 1 = 34.4 mm. The optimum opening diameter for Coke is smaller than that for green tea; however, the difference is 323 only about 1 mm. 324
From Table 2 , it is found that in the case of green tea, the scores of the 33 mm and 38 mm openings are almost the 325 same, whereas in the case of coke, the 33 mm opening shows the highest score and the 38 mm opening has the second 326 highest score. The values of the evaluation function in the case of green tea, shown in Fig. 11 , are almost the same at 33 327 mm and 38 mm. In contrast, in the case of Coke, the value at 33 mm is smaller than that at 38 mm. Therefore, the 328 qualitative trend of evaluation function agrees with the participants' subjective satisfaction. 329 Fig. 12 shows evaluation functions for different ranges of body height in the case of (a) green tea and (b) Coke. 330
These ranges are short (1610 ≤ x 3 ≤ 1680), average (1680 ≤ x 3 ≤ 1750), and tall (1750 ≤ x 3 ≤ 1820). Then, we minimize 331 the evaluation functions and obtain the optimum opening diameters, listed in Table 3 . From Fig. 12 and Table 3 , it is 332 found that the taller the participant, the larger is the optimum opening diameter in the case of green tea. The difference 333 between the optimum diameters in the short and tall ranges is about 4 mm in the case of green tea. On the other hand, 334 the difference in the case of Coke is only about 1 mm; thus, the optimum opening diameter is more affected by the 335 height of participants in the case of green tea than in the case of Coke. 336
Discussion 337
We consider that the evaluation function formulated in Eq. (1) mouth; participants reported ease of drinking at these diameters in the ranges mentioned in Eq. (12). In addition, the 342 preferred opening diameter for Coke is smaller than that for green tea. This may be explained by the fact that 343 carbonated beverages have a foaming tendency, and when the opening diameter is relatively small, the fluid volume is 344 small, thereby making it easy for the drinker to adjust the flow and thus feel comfortable. This is in agreement with the 345 result of our previous study that the factor of flow rate adjustability is more significant than the volume of fluid in the 346 mouth in the case of carbonated beverages. However, the difference in the optimum opening diameters for green tea and 347
Coke was only about 1 mm; hence, it was observed that the beverage type did not strongly affect the optimum opening 348 diameter in the case of these participants. 349
From Fig. 12 and Table 3 , we can conclude that taller participants prefer larger opening diameters while drinking 350 green tea; on the other hand, opening diameter does not strongly affect the drinking satisfaction of participants drinkingtea, they prefer a larger opening diameter that permits a larger volume of beverage to flow into the mouth. 354
From a comparison between evaluation functions for different ranges of heights, it is obvious that the drinking 355 satisfaction is worse in the case of a relatively small opening diameter irrespective of the beverage type and participant 356 height. On the other hand, in the case of green tea, the relatively large opening diameter does cause the drinking 357 satisfaction to worsen for the "short" range participants. Thus, the drinking satisfaction is not very low irrespective of 358 the beverage type and height of participants around the neighborhood of the optimum opening diameters (approximately 359 34 to 36 mm). Therefore, we conclude that perhaps the optimum diameter, which is obtained by optimizing the 360 evaluation function, is a robust solution for beverage type and the height of the participants. 361 362
Conclusions
363
In this study, we have proposed an evaluation function of drinking ease, which considers the volume of beverage 364 flowing into the drinker's mouth and flow rate adjustability, for determining the optimum opening diameter for drinking 365 ease. We have also optimized the evaluation function by performing experiments and found that the volume of beverage 366 consumed by the participants is closest to the ideal volume of fluid in the mouth and their comfort level is highest when 367 the bottle opening diameter is 35.4 mm in the case of green tea and 34.4 mm in the case of Coke. It should be noted that 368 the optimum opening diameters are only for these participants. Both these optimal opening diameters are around 33 mm, 369 which is in agreement with the result of our previous study that the opening diameter of 33 mm is best suited for Japan's 370 young adult consumers irrespective of the beverage type. Thus, these optimum opening diameters appear to be accurate, 371
and we believe that the proposed evaluation function may provide quantitative information on drinking ease, which is 372 actually a qualitative feeling. Thus, we have used the proposed function to determine the optimum bottle opening 373 diameter from which consumers can comfortably drink an optimum volume of beverage (i.e., drinking ease). Moreover, 374 results of optimization of the evaluation function have shown that the optimal opening diameter for drinking ease 375 depends on the beverage type. Therefore, manufacturers of aluminum beverage bottles should design the dimensions of 376 bottle openings by considering the beverage type, thus ensuring the comfort and satisfaction of consumers. We have 377 also found that the optimal opening diameter depends on individual differences, e.g., the height of consumers. Thus, the 378 proposed evaluation function can be used to determine the optimum opening diameter of bottles that are to contain 379 beverages targeted at a particular category of consumers. 380
Although we had intended to include participants of all age groups in this study, only young students readily 381 consented to participate because it was easy to ask them to be the participants. However, for designing a bottle opening 382 from which consumers of all age groups and genders achieve drinking satisfaction, it is essential to consider a broad 383 range of ages of participants of the study; in particular, children should participate in such a study. If, as concluded in 384 the study, body height is one of determining factors for the optimum opening diameter, the diameter for children 385 probably varies much more than that for adults. Perhaps the optimum opening diameter for the drinking satisfaction of 386 children will be smaller than that for adults. Drinking satisfaction is affected by the following design variables: opening 387 diameter and the material and shape of the bottle. Across the range of bottles presently available in the market, the 388 material and shape hardly differ, because of the ease of recycling and the forming process of the current material and. 389
Therefore, we focus on the effect of the cap diameter, which is relatively easy to change, on drinking satisfaction. In 390 addition, perhaps the drinking satisfaction is affected by factors such as the thirst level of consumers and theirthirst level and beverage preference of the participants did not vary much, and this slight variation did not exert any 394 serious influence on drinking satisfaction. However, in addition to evaluating the effect of the opening diameter, we also 395 need to evaluate the effects of the material and shape of the bottle, the thirst level, and preference of beverage by 396 uncertainty analysis (Worden et al., 2005; Du and Chen, 2000) . Then, the evaluation function should be formulated by 397 including the influential input factor to improve the accuracy of the function. 
